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En aquest treball s’estudien diverses formes de detecció i evasió de conflictes 
de separació horitzontal, elegint un d’aqauest per la implementació d’un 
sistema de detecció i resolució de conflictes de separació horitzontal en espai 
aeri no segregat per a UAS. En el treball es participa parcialment en la 
implementació d’aquest analitzant les variables físiques que influeixen en la 
realització d’una maniobra d’evasió per part d’un UAS, i implementat-les en el 
sistema mitjançant equacions matemàtiques. 
 
La segona part del treball consistirà en evaluar el sistema ja implementat, 
duent a terme simulacions de conflictes de separació horitzonal, i es recolliran 
les dades i se’n realitzarà un anàlisis per determinar l’èxit o la necessitat de 
realitzar modificacions en el sistema. 
 
Paraules clau:  
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In this project various forms of detection and avoidance of horizontal 
separation conflicts will be studied, picking one for the implementation of 
detection & resolution of horizontal separation conflicts in non-segregated 
airspace for UAS. There will be partial participation in the implementation of 
said system by analyzing the physical variables that are related in an 
avoidance manoeuvre by a UAS, and implementing them into the system 
through mathematical equations. 
 
The second part of the project consists on the evaluation of the implemented 
system, doing simulations of horizontal separation conflicts, collecting data and 
performing an analysis in order to determine the success or the need to apply 
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Unmanned Air Systems (UAS) are already a reality and its presence is growing, 
thanks to having a wide variety of functions without the need of a human pilot, 
thus reducing operational costs. However, their use is still restricted to either 
low heights or areas without air traffic. This is because of the lack of solutions 
regarding the fulfilment of air traffic regulations, especially the ones related with 
maintaining a minimum horizontal and vertical separation. 
Conventional manned aircraft rely on a combination of automated systems and 
the judgement of both pilot and air traffic controller to solve those separation 
conflicts, whereas an Unmanned Air Vehicle (UAV) is required to have the 
ability to deal with these situations in a completely self-automated way, since a 
communications link with a ground station might not be always available. The 
huge differences in performance between both types of aircraft (e.g. a 
commercial airliner and a drone) also imply an increased danger in case of not 
solving a conflict and therefore not fulfilling the separation minima.  
Solving this problem (and therefore reducing the limitations on physical areas of 
application) would signify a big step towards the global implementation of UAS 
in the civil society, and would provide even a bigger range of possibilities and 
potential uses for them. Nowadays, though, there is no existent system that 
provides a solution to this problem. This leads to the next subsection, in which 
the objectives of this project are explained. 
 
1.1. Project objectives 
 
The objectives of this project are conceptualize, and test a system that solves 
one of the main problems for the coexistence of both manned aircraft and UAS, 
which is the horizontal separation minima. 
The first goal of the project is to propose an algorithm that is able to detect 
these conflicts. The next goal is to identify the different types of horizontal 
separation conflict and the manoeuvres that would avoid the conflict for each 
case. 
Once this two conceptualization steps are completed, the next goal is to 
automate these manoeuvres, implementing the detection algorithm into the 
whole system and test its compatibility with other automations necessary to fulfil 
the global objective which are the conflict case identification and another that 
will decide which is the best manoeuvre in order to avoid the conflict algorithms.  
When this is accomplished, it will still be necessary to validate the whole 
concept through simulations that will test the proposed solution and will allow 
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1.2. Report organization 
 
The report is divided in three parts. The first big part of the report will basically 
consist in explaining the state of the art, that is, the air traffic separation 
regulations, the UAS’ and the challenges that arise from the UAS 
implementation to the global airspace. It will also explain the existing conflict 
detection algorithms. 
The second big part shall encompass the whole project per se: starting with the 
different types of conflict and its resolution manoeuvres, continuing with the 
automation of the aforementioned and finally tackling the test simulations in 
order to validate the work done. 
Last, but not least, there will be the conclusions extracted from this project, both 




CHAPTER 2.  STATE OF THE ART 
 
2.1.   Aircraft separation 
 
There are two different kinds of separation, vertical and horizontal. The current 
vertical separation minima, in a quick summary, were initially set considering 
the limitations of the barometric altimeters of the time. Multiples of 1000 feet 
were used until reaching 2900. Above that altitude, multiples of 2000 feet were 
used. Nowadays, the separation of 2000 feet above FL290 is considered too 
cautious, and the global standard for altitudes above FL290 is the Reduced 
Vertical Separation Minima (RVSM), which sets it to multiples of 1000 feet. 
Horizontal separation minima has its origins in primary radar based ATC. In 
order to keep accuracy, controllers had to keep the radar symbols apart to 
make sure there was enough separation. Later on, in the 1970’s, a minimum 
was set with the objective of achieving a mid-air collision risk due to Air Traffic 
Management of less than 10-8 fatal accidents due to mid-air collision in en route 
flight per hour, as it was determined by the ICAO. This led to different studies 
that led to the setting of a separation standard, having into account that the 
(radar) separation minima is range dependent because of the usage of radar, 
so the minima was set depending on the distance from the radar antenna. For 
example FAA’s rules are as follows[1]: 
 
1. When less than 40 NM from the antenna: 3 miles 
 
2. When 40 NM or more from the antenna: 5 miles 
 
In remote areas without radar control such as oceans, these rules can’t 
obviously be applied. In that case, the rule is to maintain a 10 minute separation 
within the same route from other aircraft. This is known as procedural control. 
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One of the main reasons for its success is their rule-like nature. They are 
constraints for the controllers, which have to follow and thus reducing the 
possibilities they need to take into account when making an ATC decision. In 
other words, creates a standard criterion, a clear path to follow, which is 
avoiding reaching a minimum separation, instead of a multiple-option scenario 
that would imply a higher effort and therefore, a higher workload for the same 
number of aircraft for the controller. This makes obvious that the main weight of 
maintaining aircraft separation is carried by the controllers. 
There are still risk factors, mainly the human factor, that limit the reduction of 
this separation, since there is a need for enough space to detect and avoid 
dangerous situations, even when the minimum separation is surpassed. There 
also exists another security layer: aircraft use Airborne Collision Avoidance 
Systems (currently using ACAS III) and controllers use the Short Term Conflict 
Alert (STCA) (similar to ACAS, but for controller’s usage) and Medium Term 
Conflict Detection (MTCD), which warns the controller of potential conflicts 
between flights up to 20 minutes ahead[2]. They are not considered a 
separation assurance but a safeguard before otherwise fatal failures from the 
ATM process[3]. ACAS informs the pilot of a conflicting aircraft with a 25 second 
warning time before the closest approach. STCA informs the controller of 
conflicting flightpaths with a 90 second warning time before closest approach, 
thus preventing many otherwise ACAS alerts[4]. 
 
There is an interest on reducing these separation minima, changing from radar 
control, which is reactive to 4D control, which is anticipative. Using trajectory-
based systems and collaborative planning, such as SESAR’s Reference 
Business Trajectory (RBT)[5], it would be possible to prevent conflicts rather 
than react to them, thus improving efficiency. Reducing the separation would 
mean a higher traffic density, which would imply economic benefits. However, 
modelling and validating aircraft separation management and risk scenarios is 
proven to be difficult, because of many uncertainties when dealing with this kind 
of situations. 
There exists also, an aim also related to 4D control, to give a higher level 




2.2. Unmanned Aircraft Systems (UAS) 
 
A UAS is formed by an unmanned aircraft (UAV), a ground control system 
(GCS), a datalink and other support systems. UAV’s can be directed remotely 
or be programmed to carry its mission autonomously. The standard definition of 
UAV includes aircraft of all shapes and sizes: from small quadcopters or 
helicopter-shaped crafts to big planes with large wingspans. The control system 
is usually ground-based stations from where the UAV is piloted or the 
surveillance of its mission (if the UAV is autonomous) is done. 
 
 





Some of the current and potential UAS applications are[7]: 
 
 Customs & coast guard missions, e.g. coastal & border patrol, piracy 
surveillance, etc. 
 
 Search & rescue. 
 
 Fire monitoring. 
 
 Police & Homeland security missions, e.g. criminal investigation, anti-
drug/ anti-terrorist operations, etc. 
 
 Environmental missions, e.g. scientific mission, fishery control, wildlife 
monitoring, etc. 
 
 Meteorological missions, e.g. weather assessment, hurricane tracking, 
etc. 
 
 Scientific & research missions, e.g. climate monitoring, ice cap 
monitoring, etc. 
 
As the list points, UAS are suited for patrolling missions, that involve long and 
iterative patterns that allow to cover big areas without the costs (both economic 
and human resources management) related with direct human operation of the 
aircraft, thanks to its level of autonomy. That leads us to the next topic. 
 
 
2.3. Problems with UAS integration in non-segregated 
airspace 
 
Patrolling missions, which, as we have seen, would be the most common kind 
of missions for this type of aircraft, also mean that most of the flight plans that 
are associated or will be associated with UAS aren’t the conventional point A to 
point B type. Instead, they will take off from a base, execute the patrolling 
mission, which will involve a series of sweeps, and go back to the original base, 
or a secondary base. 
 
That kind of flight path is bound to generate a separation conflict with 
commercial aircraft as it might cross one or many airways. That means that until 
no reliable solution is implemented for this issue, UAS applications would need 
to be highly restricted to areas with no commercial traffic. In fact, nowadays 
UAS require administrative approval to be operated, and there have already 
been cases where UAS missions near crowded airspaces have been denied[8]. 
 
Two main challenges arise in order to integrate them into non-segregated 
airspace. Both are consequence of the UAS characteristics: the first challenge 
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comes from the difference in performance, and the other one, from the UAV 
connection to a ground station. 
 
2.3.1.   Performance 
 
There exist huge difference in performance in both climbing capabilities and 
cruising speed between a conventional airliner and an unmanned aircraft, even 
the biggest and closest in characteristics to the aforementioned, such as the GA 
MQ-9 Reaper (Predator B) or the Global Hawk. 
 
Climbing wise, and taking for example the Predator B, has much poorer climb 
capabilities than an airliner. This implies that the UAV changing its flight level 
might prove an inefficient or even impossible solution to the separation problem. 
UAV also have much lower cruising speeds than an airliner. Flying at a lower 
speed means that in a conflict involving an unmanned aircraft and an airliner, if 
the UAV is the one to perform an evasive manoeuvre, this will have to be 
executed with more time in advance than if it was the other way around. That is 
because the conflict geometry dependence on the relative speed. When aircraft 
speeds are way different, the most efficient resolution is that the fastest aircraft 
changes its heading. That means that one of the possible solutions to this 
problem is to give higher priority to unmanned aircraft. However, this might not 
be possible if the number of airliners getting in conflict with an unmanned 
aircraft is high, thus generating a too high workload to controllers. In that case, 
there would be no other option than the UAV having that responsibility. 
Being that the case and due to the mentioned lower performance, there is the 
need to create specific manoeuvres fitted to its speed and with enough time 
space. 
 
2.3.2.  Lost-link 
 
It is the other important challenge that presents the integration of UAV’s to non-
segregated airspace. As it has been explained before, an Unmanned Aircraft 
System relies on a ground station to manage the flight via data link. Its 
connection to the GCS can be either from direct communication (Line-of-sight -
LOS- radio propagation) or indirect using a repeater such as a satellite 
(Beyond-line-of-sight -BLOS-). 
However, it might happen that for various reasons, such as a hardware or 
software failure, or because the UAV goes beyond communication range, the 
connection with the ground station is lost (lost-link). If that were to happen there 
would still be the need to manage the separation issue, so the aircraft would 
have to deal with these situations autonomously, and therefore exist the need to 
set some automatic procedures for such cases, much like the already existing 
for piloted aircraft. 
 
In a piloted aircraft, lost-link would translate to ATC contact loss (in an IFR 
flight). In such cases the rules specify the procedures to be performed by the 
pilot. These rules are as follows: 
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The flight must be continued, as ATC will assume that the flight is continued 
and proceed accordingly. The route order of priority is as follows[9]: 
 
1. Fly the route assigned in the last ATC clearance received (as 
assigned). 
 
2. If being radar vectored, fly directly to the fix, route, or airway 
specified in the vectoring clearance (as vectored). 
 
3. In the absence of an assigned route, fly the route that ATC told to 
expect in a further clearance (as expected). 
 
4. In the absence of an assigned or expected routing, fly what was 
filed in the flight plan (as filed). 
 
Altitude wise, for the present segment, the highest of the following three 
altitudes is the one that must be flown on: 
 
 Assigned altitude: the altitude assigned in the last clearance. 
 
 Expected altitude: The altitude that ATC told to expect. 
 
 MEA: Minimum En route Altitude for the current segment, as given on the 
en route chart. 
 
That tells that the “mission” must be carried on, and the other aircraft will react 
to the lost-link one via ATC commands. However, as this is considered an 
exceptional situation, it would not be feasible to carry on with an UAS, as they 
would not follow standard routes and therefore ATC control would increase in 
difficulty. It is essential for UAS, in order to be a reality, to be able to be the 
active part on these situations. 
For that reason, a conflict avoidance system must be implemented into a UAS, 
and needs to be able to perform in a lost-link situation, that is, it needs to be 
Aircraft-based, and independent from the ground station. 
 
 
2.4. Automatic Dependent Surveillance-Broadcast 
 
The system developed will use ADS-B communication in order to locate other 
aircraft and know their velocities.  
ADS-B is a surveillance technology, and it is the one of the bases for the 
NextGen and SESAR programs to evolve ATC from radar-based surveillance to 
GPS surveillance, and allow a higher volume of airplanes more efficiently[10]. In 
the Single European Sky (SES), planes above 5700kg or max cruise over 250 
knots will be required to have ADS-B equipped form 2017 and new planes from 
2015[11]. 
 
ADS-B both transmits using a digital datalink the aircraft’s flight data (position, 
velocity, heading, etc.) to ATC and other aircraft (ADS-B out) and receives data 
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from other ADS-B equipped aircraft (ADS-B In). Since it is a dependent 
surveillance system (position is determined on board and transmitted to ATC) 
instead of an independent surveillance system (position determined from the 
ground with or without aircraft’s help), it also works at low altitudes and on the 
ground, which would allow “gate-to-gate” surveillance. 
 
2.4.1.  Message content 
 
ADS-B message is standardized. The table, extracted from EUROCONTROL 
shows the components of an ADS-B transmission [12]. 
 
 
Table 2.1. ADS-B message content 
Data Description 
Aircraft Operational Status Identification of the operational services available in the aircraft 
while airborne. 
Data Source Identification Identification of the ADS-B station providing information. 
Service Identification Identification of the service provided to one or more users. 
Service Management Identification services offered by a ground station (identified by a 
SIC code). 
Emitter Category Characteristics of the originating ADS-B unit. 
Target Report Descriptor Type and characteristics of the data transmitted by a system. 
Mode 3/A Code in Octal 
Representation 
Mode-3/A code converted into octal representation. 
Time Applicability for 
Position 
Time of applicability of the reported position, in the form of 
elapsed time since last midnight, expressed as UTC. 
Time of Applicability for 
Velocity 
Time of applicability (measurement) of the reported velocity, in 
the form of elapsed time since last midnight, expressed as UTC. 
Time of Message 
Reception for Position 
Time of reception of the latest position squitter in the Ground 
Station, in the form of elapsed time since last midnight, 
expressed as UTC. 
Time of Message 
Reception of Position-High 
Precision 
Time at which the latest ADS-B position information was 
received by the ground station, expressed as fraction of the 
second of the UTC Time. 
Time of Message 
Reception for Velocity 
Time of reception of the latest velocity squitter in the Ground 
Station, in the form of elapsed time since last midnight, 
expressed as UTC. 
Time of Message 
Reception of Velocity-High 
Precision 
Time at which the latest ADS-B velocity information was received 
by the ground station, expressed as a fraction of the second of 
the UTC Time. 
Target Address Target address (emitter identifier) assigned uniquely to each 
target. 
Quality Indicators ADS-B quality indicators transmitted by a/c according to MOPS 
version. 
Trajectory Intent Reports indicating the 4D intended trajectory of the aircraft. 
Position in WGS-84 Co-
ordinates 
Position in WGS-84 Co-ordinates. 
High-Resolution Position in 
WGS-84 Co-ordinates 
Position in WGS-84 Co-ordinates in high resolution. 
Message Amplitude Amplitude, in dBm, of ADS-B messages received by the ground 
station, coded in two’s complement. 
Geometric Height Minimum height from a plane tangent to the earth’s ellipsoid, 
defined by WGS-84, in two’s complement form. 
Flight Level Flight Level from barometric measurements, not QNH corrected, 
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in two’s complement form. 
Intermediate State 
Selected Altitude 
The short-term vertical intent as described by either FMS 
selected altitude, the Altitude Control Panel Selected Altitude, or 
the current aircraft altitude according to the aircraft’s mode of 
flight. 
Final State Selected 
Altitude 
The vertical intent value that corresponds with the ATC cleared 
altitude, as derived from the Altitude Control Panel (FCU/MCP). 
Air Speed Calculated Air Speed (Element of Air Vector). 
True Airspeed True Air Speed. 
Magnetic Heading Magnetic Heading (Element of Air Vector). 
Barometric Vertical Rate Barometric Vertical Rate, in two’s complement form. 
Geometric Vertical Rate Geometric Vertical Rate, in two’s complement form, with 
reference to WGS-84. 
Ground Vector Ground Speed and Track Angle elements of Ground Vector. 
Track Number An integer value representing a unique reference to a track 
record within a particular track file. 
Track Angle Rate Rate of Turn, in two’s complement form. 
Target Identification Target (aircraft or vehicle) identification in 8 characters, as 
reported by the target. 
Target Status Status of the target. 
MOPS Version Identification of the MOPS version used by a/c to supply ADS-B 
information. 
Met Information Meteorological Information. 
Roll Angle The roll angle, in two’s complement form, of an aircraft executing 
a turn. 
Mode S MB Data Mode S Comm. B data as extracted from the aircraft. 
ACAS Resolution Advisory 
Report 
Currently active Resolution Advisory (RA), if any, generated by 
the ACAS associated with the transponder transmitting the RA 
message and threat identity data. 
Surface Capabilities and 
Characteristics 
Operational capabilities of the aircraft while on the ground. 
Data Ages Ages of the data provided. 
Receiver ID Designator of Ground Station in Distributed System. 
 
 
CHAPTER 3.  CONFLICT DETECTION AGLORITHMS 
FOR UAS 
 
This topic is not, as it might be expected, something new, though few 
researchers have put thought on paper about this issue regarding UAS. Three 
of those ideas were studied and considered by the university’s department for 
this particular project. 
 
3.1.   Basic geometry 
 
It was the initial and most basic idea. It consists on the projection of a triangle 
(when working in a 2D scenario focused on horizontal separation) with the 
symmetry axis allocated in the aircraft’s current heading. Intersections in the 
projections are translated as the maximum and minimum angles in which 
conflict shall exist. However, this method is proven to be flawed in certain 
situations in which the problem’s geometry due to the conflicting aircraft 
heading arrangement does not generate an intersection even though the 
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distance between aircrafts will obviously be lower than the conflict distance 
threshold, which made clear the need for an improved algorithm. 
 
 
3.2.    “White” [13] algorithm 
 
The designation is just a form to refer to the particular paper studied, and 
comes from one of the authors of the paper in question.  
 
This algorithm uses differential geometry to achieve UAV collision avoidance. 
The initial setup is shown in figure 1: 
 
 
Figure 1 - Geometrical setup for the “White” algorithm 
 
 
Here can be seen how an aircraft crosses the UAV’s path thus generating a 
future conflict. A sightline is established between the UAV and the aircraft. Both 
aircraft and UAV velocities must be known in order to define the motion 
geometry. We won’t get into detail, as this method was deemed too complicated 




3.3.    “Park”[14] algorithm 
 
Referred at it using one of the author’s names too, is a method for collision 
avoidance that using simple geometry and considering the aircraft point masses 
with constant velocity. 
It calculates a Point of Closest Approach (PCA) in order to evaluate the worst 
conflict condition. 
 
The geometry is as follows: 
 





Figure 2 - Geometrical set-up for the “Park” algorithm 
 
 
Note that in figure 2, there are two UAV, but it can be also applied in a conflict 
between a UAV and an airliner. 
 
The main focus is to calculate the minimum distance passed by each other 
(PCA) and the time of closest approach (). 
To determine the PCA, the miss distance vector from it (  ): 
 
 
            (3.1) 
 
Where   is the relative distance vector and   is the unit vector in the direction of 
the relative velocity vector   .  
 
The relation between   and    allows to calculate  : 
 
              (3.2) 
 
Knowing that    and    are orthogonal: 
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When the two aircraft are closing in,     and     when they are getting 
further. That makes obvious that on the second case, there is no conflict risk, 
but it is imperative to check on the first case. 
 
The conflict condition is calculated from comparing    with a specified minimum 
separation distance      : 
 
 
                    (3.5) 
 
 
Where      is the rest region after subtraction of      from       and is called 
“Unresolved Region” in the paper. 
 




CHAPTER 4.  TAXONOMY OF SEPARATION CONFLICTS 
 
In order to effectively solve conflicts, it is necessary to study the different kinds 
of encounters with other aircraft that a UAS might get involved into during its 
mission. With that purpose, a group of researchers from ICARUS taxonomized 
those separation conflicts and its resolution manoeuvres. The main focus of the 
study was to “guarantee the maximum separation rate while minimizing the 
negative impact on a hypothetical surveillance mission of the UAS” [15]. 
 
4.1.  Separation conflict geometries and manoeuvres 
 
Again, it is important to take into account the difficulties that arise when dealing 
with these situations, which have been mentioned before, those being 
performance differences and lost-link contingencies. In the study cited in this 
project, the conflicts evaluated were between a MALE UAS (GA MQ-9 Reaper, 
also referred as Predator-B) and a jet airliner (such as an Airbus A320), 
assuming constant altitude. The separation distances considered are 3.0 NM 
and 5.0 NM. Performance wise, only cruise speeds have been taken into 
account (500 kt for the airliner and 170 kt for the UAS). The conflict angle is 
defined as   and it is the angle between the UAV and the intruder headings. 
 




Figure 3 - Types of conflicts based on the conflict geometry 
 
 
Resolution of these conflicts is best achieved when it is the airliner the one that 
performs a heading change, as it has better overall performance. In fact, if there 
is not in enough Time to Conflict, UAV manoeuvring would not solve the 
conflict, being the most frequent case the backward case, which will be 
explained in the next section. 
 
On the other hand, traffic density might not enable ATC to order a heading 
change to the airliner, since there would be not just one, but many of them 
entering in conflict with the UAS, and would be more efficient to be the UAS the 
one that changes its course. That makes obvious the need for UAS-specific 
manoeuvres, and for it to be able to deal with any kind of conflict geometry. The 
different cases and its UAV-specific manoeuvres are explained in the following 
section. 
 
4.2. Forward and backward separation conflicts 
 
Forward and backward cases are both a particular case of the general model, 
this is, when        (forward case) or      (backward case). In the first 
one, each aircraft will move towards each other, thus having the maximum 
relative speed between them. The second case is easy to see that it is the 
opposite of the forward case. In that situation, both aircraft have the same 
heading, the faster of them (airliner) chasing the other one (UAS). In that case 
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the relative speed is the minimum possible. It is necessary to point that 
backward conflicts are the most dangerous and difficult to solve successfully, 
especially if it is the UAS the one manoeuvring. That is in part, because of the 
detection method, which is based on ADS-B, which has a radiation pattern that 
is stronger on the front side than the backside. 
 
The manoeuvring for both cases is the same.  It can be resumed as “getting out 
of the way”, until the conflict is cleared and the UAS can resume its mission. 
More specifically, in a forward conflict, it has been calculated that a heading 
change         is required, while the backward conflict requires the maximum 
possible heading change, that is,       . After the required separation is 
achieved, the UAS turns to its initial heading maintaining the separation 
constant. Then the UAS will keep this course until a certain point, in which the 
conflict is considered cleared, plus a buffer safety time, and then will return to its 
original flight plan. If there other airliners following the initial one (a great 
possibility in an airway), then the UAS may enter a holding track while 
maintaining the target separation. The reason of a hold track is because 
otherwise, the UAS might fly too much time outside of the intended flight plan, 
which might interfere with the UAs mission if this is strictly related to the UAS 
specified route (for example, if the mission requires to explore an specific area). 
Performing a hold pattern, the UAS can then resume normal operations from 
the same point where it disrupted its course to avoid the conflict. 
 
The strategy for the backward oblique conflict is the mirror of the forward one. In 
that case, the UAS will turn away from the conflict, with a heading change also 
equivalent to the conflict angle, maintaining a constant separation until the 
conflict is cleared. 
 
If the conflict is not exactly either 0º or 180º, then the separation manoeuvre will 
have to be executed right range or left depending on which direction maximizes 
the separation distance. 
 
 
Figure 4 - Forward avoidance manoeuvre 




4.3. Oblique separation conflicts 
 
The general definition of an oblique separation is when       or       , or 
the symmetric counterparts        or       . When being faced with that 
kind of conflict, there is a huge difference in separation between turning towards 
the conflict or away from it. In that case the best option (that is, the fastest to 
solve the conflict) is to turn towards the intruder (forward oblique), or away from 
it (backward oblique) with a heading change equivalent to the angle of conflict. 
That way, the UAS will fly on a parallel track to the intruder. The distance 
between both aircraft then will remain constant until the conflict is cleared. Note 
that this distance will depend on the angle   and on the point in which the 
manoeuvre is initiated (theoretically considered instantaneous). In the case of 
time to conflict        , the distance to the conflict point is around 14.16 NM. 
After turning towards the intruder, in the forward oblique case, the UAS will 
keep a constant heading until a certain point is reached, in which the conflict is 
considered cleared. In addition, another safety margin will be added, keeping 




Figure 5 - Oblique avoidance manoeuvre 
 
4.4. Lateral separation conflicts 
 
A lateral conflict is a special case within the oblique case, that is, when its 
geometry is       or       . In that case there are no relevant differences 
between them as it happens in the forward/backward case. They only differ in 
the direction in which the UAS will have to turn. Analyzing the two possible 
options to clear the conflict (away or towards the conflict), is made clear that the 
most efficient solution is to turn towards it, in the same fashion that in the 
oblique conflicts. However, due to this particular geometry, a radical heading 
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change is needed, which deviates in a significant way the UAS from its mission 
by the time the conflict is cleared. To avoid that issue, there is an alternative 
manoeuvre which consists on performing a hold pattern, keeping a minimum 
distance from the intruder. That solution involves more manoeuvring from the 
UAS, but also keeps it close to the mission’s flight path. 
 
Figure 6 - Lateral avoidance manoeuvre 
 
 
Having seen both the proposed detection algorithm, and the conflicts and its 
resolutions, the next step leads us to the core of the project, which is the 
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CHAPTER 5.  MANOEUVRE AUTOMATION 
 
This is the phase where the theory is applied in order to create a system that 
will be able to detect the conflict, and give the best possible response 
manoeuvre to it. The system is divided in two parts: the conflict detection 













Position, heading, altitude, 
velocity
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velocity
 
Figure 7 - Automation system structure 
 
5.1. Conflict detection 
 
Bluntly speaking, it is a STCA dedicated to the horizontal separation conflicts, 
though with a longer warning time (as we will see later) and based on the “Park” 
algorithm, which has been already explained in detail. The system has two 
entries of data. The first one is the traffic telemetry (position, heading, altitude, 
velocity), obtained via ADS-B. The other data source is the UAS telemetry (also 
position, heading, altitude, velocity). Then the algorithm, translated to software, 
determines whether there is a conflict or not with any of the intruders. The 
output data will obviously be a conflict alert (if any), as well as its relevant 
information, that is, the angle of the conflict (b) and the velocity of the intruder 
(combined with the already known UAS velocity).  
 
The angle of the conflict is important for the program as it allows it to determine 
the conflict geometry (backward/forward, oblique, lateral). The velocities allow 
determining the relative velocity, which is the main factor when establishing the 
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Figure 8 - Detection segment of the automation system 
 
5.2. Reaction resolver 
 
The reaction resolver is the other main half of the automation system. It has 
different data inputs. The first one is, as expected, the conflict alert and its 
relevant data (beta, velocity). The second input is the UAS telemetry, and the 
third one is the equations that relate the time to the minimum distance (that is, 
the time to the conflict resolution) to beta. This third input comes from direct 
work in the project, and as such it will be explained in detail. 
All the information then is processed: the conflict geometry is decided, the 
relative velocity is calculated. Then it is possible for the program to decide for 
the best possible reaction manoeuvre (if is there any) and relay the waypoints to 
the Flight Plan Manager, which will take priority over the original flight plan. 
 
5.2.1.   Equation construction 
  
5.2.1.1. Initial setup & considerations 
 
To construct all the equations needed, a Matrix Laboratory (MATLAB) script 
was provided. This script takes initial variables (which are all the variables that 
had been thought to have importance on such manoeuvres), that are set in the 
form of arrays. The script takes those variables in order to calculate the time to 
the minimum distance (dmin). The final result is a 3-D matrix with all the time to 
dmin values for each single set of variable values, which allows plotting them in 
function of any of the variables. 
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In order not to make the posterior work more complicated than it should be, the 
first step was to analyze the impact of each variable and determine if any of 
them is superfluous or on the contrary has a great impact on the outcome of the 
manoeuvre. To do this, in a simple and visual manner, one of the variables was 
plotted, in function of time to dmin, and then this plot was compared with others, 
where while maintaining the two plotted variables in the same value, a third one 
was changed. Combining different variables then, it is possible to analyze what 
kind of impact they have between them. To do so, we analyzed the variables 
within the oblique conflict configuration, that is, the MATLAB script specifically 
written for oblique conflicts. Then the same considerations will be used for both 
forward and backward. 
 
Bank angle  
 
The bank angle (or roll) of the plane, called , and it is expressed in degrees (º). 
It is represented in an array of 5 values: from 10º to 30º in increments of 5. That 
determines how sharp the turn will be: the higher the bank angle, the sharper 
the turn will be. This fact alone indicates that it has a great impact on the 
manoeuvre. The next figures of this section show the different comparisons 
made: 
 
For a fixed value of UAV velocity (vuav) and intruder velocity (vint), for example, 
            and            . 
 
Note: All the velocities that appear in this work are True Airspeed (TAS) values, 
instead of, Indicated Airspeed (IAS) or Ground Speed (GS). IAS is the airspeed 
as it is indicated from the Pitot tube, which is corrected for air pressure, but not 
for air density, whereas TAS does correct for air density. That means that at sea 
level in a International Standard Atmosphere (ISA), the IAS would be the same 
as the TAS, but at higher altitudes the IAS would indicate less airspeed than the 
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Time to dmin is the time until the minimum distance between the UAV and the 
intruder. It can be appreciated what logic already tells: lower values of  mean 
that the turn is less sharp, and closer to keeping the same heading, in a straight 
line, directly towards the conflict. As the value of  increases, the time until the 
distance is at the minimum, as a consequence of the UAV manoeuvring is 
higher.  Note that both far sides appear irresolvable (time to dmin at zero means 
that is not possible to resolve). That is because even though all b values are 
used in this script, it still is for oblique conflicts, so the cases close to 0º and 
180º are irresolvable. It also important to state that a non-zero time to dmin value 
does not guarantee the feasibility of the conflict resolution, but is a mere 
indicator that it’s possible to know in advance when the minimum distance will 
be achieved. In that case, the oblique one, the values of time to dmin that are not 
zero are high enough to assume that there is actually a feasible conflict 
resolution. However, in the backward case specifically, while there are also 
parts where the value is zero and the resolution is not possible, the parts where 
the value is not zero, is not high enough to guarantee that the conflict will be 
























Now, taking a conflict geometry that is resolvable in any case, such as 141º, it is 
possible to analyze the dependence (if any) of  and both UAV and intruder 
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We can see how with the lowest of the bank angles (10º), at high UAV 
velocities, there is no resolution possible, but an increase of the bank angle 
solves it. 
 
The final possibility is to keep a constant value of             and plotting for 
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It can be appreciated how there is almost no dependence between  and vint. 
The maximum difference, in terms of time to dmin is of about 6 seconds. There is 




Called b, it is the angle between the UAV and the intruder headings. As it has 
been already explained, it is important since it will determine what kind of 
conflict it will be and how it will be resolved (if possible). It ranges from 1º to 
176º, with increments of 5º. 
 
Plotting for every  value and changing values of b in increments of 30º 
























Both      and        are zero, and do not appear on this graphic, even 
though they were plotted. The graphic itself tells similar information than in the 
opposite configuration, where all the b values were plotted, and overlapping 
different values of . It can also be appreciated here, in a different form, the 
valley that was formed on the middle, and how at the maximum possible 
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It can be seen how there is a great dependence between the geometry of the 
conflict and the velocity of the UAV. There is an intermediate region for the 
oblique conflicts that might be impossible to resolve under a certain combination 
of values, such as this case. That tells us that the relation between the 
geometry of the conflict and the velocity of the UAV needs to be taken into 
account quite carefully. 
 
Now, for the final combination, we will keep the previous value of , and we will 
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Figure 15 shows how the velocity of the intruder also keeps relation with the 
conflict geometry, as for some combinations of both, the conflict cannot be 
resolved. Still, the influence is much lower than the UAV velocity. It’s still useful 
to conclude that it is not the velocity of one aircraft or the other, but the relative 




As it has already been explained, UAV velocity is expressed in TAS (knots). 
This variable, on the MATLAB script, ranges from 170 kt to 300 kt, with 
increments of 10 kt. It has also already been seen hoe it has great influence on 
the feasibility of the conflict resolution. 
 
For the first variable combination we will set        and            , and we 
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Time to dmin vs. beta changing UAS TAS values
 
 
UAS TAS = 170kt
UAS TAS = 190kt
UAS TAS = 210kt
UAS TAS = 230kt
UAS TAS = 250kt
UAS TAS = 270kt






















The colours are difficult to see in the graph since most of them overlap at over  
315s. It tells us that at higher relative velocities, sharper turns (higher bank 
angles) are needed for the conflict to be resolvable. 
 
 
The next combination will plot all the values of b, keeping the values of       












































Time to dmin vs. alpha changing UAV TAS values
 
 
UAV TAS = 170kt
UAV TAS = 190kt
UAV TAS = 210kt
UAV TAS = 230kt
UAV TAS = 250kt
UAV TAS = 270kt
UAV TAS = 290kt
Figure 16 
Figure 17 
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Time to dmin vs. intruder TAS changing UAV TAS
 
 
UAV TAS = 170kt
UAV TAS = 190kt
UAV TAS = 210kt
UAV TAS = 230kt
UAV TAS = 250kt
UAV TAS = 270kt
UAV TAS = 290kt
Again tells us how relative velocity has a great impact. For this specific bank 
angle, at higher relative velocities (higher UAV TAS), for some geometries the 
conflict is irresolvable. 
 
For the last combination we will also set      , and       , and we will plot 

























It is possible to see, form a different perspective the importance of the relative 
velocity. At this point it is very obvious that it is, with the conflict geometry, the 




The intruder velocity is the last of the four variables taken into account in the 
script. It is indicated in TAS (knots), just as the UAV velocity. It ranges from 400 
kt to 600 kt, in increments of 10 kt. That means that only aircraft in the cruise 
stage of the flight are taken into account in this particular case. Aircraft with 
lower speeds, that are landing, or still climbing, will imply a miscalculation. 
 
For the first combination we will plot for all the values of , keeping        
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Time to dmin vs. alpha changing Intruder TAS values
 
 
Int. TAS = 400kt 
Int. TAS = 440kt
Int. TAS = 480kt
Int. TAS = 520kt
Int. TAS = 560kt
Int. TAS = 600kt




















Time to dmin vs. beta chaning intruder TAS values
 
 
Int. TAS = 400kt
Int. TAS = 440kt
Int. TAS = 480kt
Int. TAS = 520kt
Int. TAS = 560kt























Gives us a closer look on how the intruder velocity has a minor impact than the 
UAV velocity, seeing how the difference in seconds to the minimum distance 
between the highest and the lowest intruder speed is at much of 14 seconds. 
 
The second combination will plot for all values of b, keeping       and 
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Time to dmin vs. UAV TAS chaning intruder TAS
 
 
Int. TAS = 400kt
Int. TAS = 440kt
Int. TAS = 480kt
Int. TAS = 520kt
Int. TAS = 560kt
Int. TAS = 600kt
Until this moment the impact of the intruder velocity seemed minor. However, 
this combination reveals how it has actually significant impact, if the conflict 
geometry is within the 70º to the 95º range. 
 


























Again we see the impact of the combination of the UAV and the intruder 
velocities. 
 
5.2.1.2. Pre-analysis conclusions 
 
After the analysis of each variable and its impact on the other ones, we can 
make an analysis in order to decide how the equation construction process will 
be set up. There are also other issues at play, such as the amount of work. 
Creating all the equations, that is, doing each set of 4 variables would become 
too big a task. It becomes necessary, due to the limitation of time in this project 
to keep a variable static. The only variable that leaves some flexibility in terms 
of range of resolvable conflicts is . The other variables would severely reduce 
the variety of conflicts resolvable, thus making more difficult the testing, and not 
conclusive enough. While not ideal, keeping one value of  for the whole project 
is the only possible solution. For the project, the value of alpha selected is 20º. 
At the time selecting this angle of bank seemed to be a conservative value, 
providing a margin of error in the avoidance manoeuvres even though the UAV 
achieves a higher roll (or bank) angle than this value (about 30º). The reason 
for selecting this value and not 30º was to make it conservative: the UAV would 
Figure 21 
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still turn at higher roll angles, but the manoeuvres would be calculated as if the 
roll limit was set at 20º, that way being able to err on the safe side, “tricking” the 
program on thinking that the time to the minimum distance is lower than it 
actually is. 
The other three variables have too much of an impact to be considered 
superfluous, especially the conflict geometry and the UAV velocity. The intruder 
velocity, while having less impact as we have seen, it still varies the system and 
needs to be taken into account, instead of being able to set a single value that 
would represent a wide range of intruder velocities. 
 
That leaves us with 21 values of vint: from 400 to 600 in increments of 10, and 
14 values of vuav for each of them: from 170 to 300 in increments of 10. That 
makes 14 equations for each value of vint and 21 sets of 14 equations, resulting 
in 294 equations, for each of the three cases. 
 
5.2.1.3. Construction process 
 
To create an equation, we start from a plot from the initial setup, that is, we will 
plot the time to dmin value for all b values, and for a single value of vuav and vint. 
Then, we can approximate an equation to the plot made, using the MATLAB 
function lsqcurvefit. 
 
The function lsqcurvefit “solve[s] non-linear curve-fitting (data-fitting) problems 
in the least squares sense. That is, given input data xdata, and the observed 
output ydata, find[s] coefficients x that ‘best-fit’ the equation 
 














Where xdata and ydata are vectors and F(x, xdata) is a vector valued 
function”[17]. 
 
To exemplify the process one equation will be constructed on example. We will 
take one set of values (     ,             and            ) and plot them 
for all the values of b. These values are as good as any other values, these 
ones have been chosen just because are not any extreme combination, but at 
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Just as we have seen before, the parts where dmin is at zero mean that cannot 
be resolved for this configuration. 
 
The objective here is to construct an equation that fits this plot, using lsqcurvefit. 
We could just take the whole plot at once, and introduce it as the input data for 
the function, but the resulting fit would be obviously not very accurate. We need 
to pick little segments of the whole plot and fit them separately, using a target 
function that allows an acceptable error while being as simple as possible. 
When we have fitted all the segments we will be able to put them together in a 
single equation using the step function, but we will see that when the time 
comes. For now, we will focus on fitting the separate segments. 
 
In this case, the segment that goes from       to       has great 
similarities with a second grade function, or even an exponential function. We 
will try first the second grade function and if it is not good enough, we will look 
for alternatives, since it is possible to fit with any kind of function, even though 
we want to make it as simple as possible. To visually check if the fit is accurate 
we will plot it overlapping the initial plot. Note that this is not proof enough, we 
will still need to calculate the error as we will see later. Both plots overlapped, 









Figure 22 - Example plot that will be attempted to make a fit of 
39                     Design of simulation scenarios for the evaluation of separation strategies for UAS in ATM environment 
 
 














































The equation obtained using lsqcurvefit is: 
 
 
                            (5.2) 
 
 
At first glance, it seems a good enough fit. However we want to check it 
numerically, and see if it is really accurate enough. To achieve it we will 
calculate the root mean square error (RMSE) of the segment. 
 
We can calculate the RMSE using MATLAB. The RMSE formula is[18]: 
 
      
         
 





Where    represents the original values and    represents the approximated 
values. The result is: 
 
            (5.3) 
 
This is a more than acceptable result for our goals. Since it is the simplest kind 
of equation, in exception of a straight line (which would have greater error), we 
will keep it as good and we will not try different kinds of equations. 
 
The same process of thought is applied for the rest of the plot, and for each of 
the plots. In this example, the plot has been divided into four more segments: 
Figure 23 
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Original plot overlapped with fitted segments
 
 
from      to     ,      to     ,      to       and       to 
























To create a single equation from all five segments we have obtained, we can 
sum the five equations using the step function. Using the step function allows us 
to conjoint all five equations in a sum of steps: 
 
      
     




                                              
                               
        
                                
        
                                 
        




It is necessary to note that the decimals have been rounded to the thousandth. 
The same process is applicable to the other two cases. 
 
We are not finished yet though, as we still need to check the error of all the 
segments fitted together, to ensure that when put together, the result is still 
acceptable. However, MATLAB is not able to create step functions directly. This 
issue can be obviated using the Heaviside step function, which is very similar to 
Figure 24 
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Heaviside function in MATLAB changing x axis increments
 
 
x axis increments = 1
x axis increments = 0.01
x axis increments = 5








Heaviside function in MATLAB used to add equations
the step function, with the only exception that when doing Heaviside(x), when 
   , returns the value 0.5[19]. 
 
Using smaller increments on the x axis when creating the function (such as 























The Heaviside function allows us to do the same manipulations than the step 
function, that is, creating a sum of equations, and being able to apply an offset, 
for example,            in its segment from      to     and         
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Original plot overlapped with heaviside step sum
However, since it is necessary in order to be able to calculate the root mean 
square error (RMSE) later on, to match the resolution of the values of beta, 
which in our case are increments of 5 (green Heaviside step in figure 25) we will 
be forced to modify the resulting equation (sum of Heaviside steps) that we 
create in MATLAB (but not the one that will be used). We will need to move 5º 
to the left where the time to dmin rises from 0 and 5º to the right when time to 
dmin drops to 0 (which equals one position in the value array) in order to match 

























We cannot calculate the RMSE for the entire plot, since the jumps from 0 to 
another value would greatly distort the result without being an actual part of the 
final function (a sum of steps, not Heaviside steps). We will have the, to 
calculate the RMSE for each of the two continuous parts: 
 
             (5.6) 
 
             (5.7) 
 
Both values are very close to zero, so the final equation is considered accurate 









43                     Design of simulation scenarios for the evaluation of separation strategies for UAS in ATM environment 
 
 




























The equations are stored in a text file, one for each type of conflict (oblique, 
backward, forward) which will be read by the conflict resolver. The file format 
has an initial header where the initial and final values of vint and vuav and its 
increment intervals are stated, and then the rest has the information of each 
individual equation. 
 
vint(min) vint(max) (increment intervals) 
vuav(min) vuav(max) (increment intervals) 
 
vint vuav (number of steps in the equation) 




5.2.2.     Output 
 
The output for the reaction resolver is an avoidance manoeuvre, calculated from 
the input parameters. This avoidance manoeuvre is relayed to the ISIS Flight 
Plan Manager, which controls the UAS autopilot. This allows the program to 
override the standard navigation and execute the reaction manoeuvre, wich 
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CHAPTER 6.  CONCEPT VALIDATION SIMULATIONS 
 
The final step of the project, before rushing into any conclusions, is to design 
and perform some simulations in order to validate the previous concept. First of 
all, however, it is essential to note that the program/concept developed is 
integrated within the simulation environment developed by the university Icarus 
Simulation Integrated Scenario (ISIS). That is because the intention of ISIS to 
be able to simulate UAS missions in non-segregated airspace while using real 
systems that could be implemented into a UAS, such as the one at play here, 
the collision avoidance system. 
 
6.1. Icarus Simulation Integrated Scenario 
 
ISIS is a UAS simulator that recreates a realistic non-segregated airspace 
environment, and covers the gap between conceptual thinking and real flight 
tests. It is designed to use the same software that would be implemented into a 
real UAS, thus creating also a tool for testing UAS systems in realistic flight 
situations. On the air-side, it has implemented a Virtual Autopilot System (VAS), 
which allows the use of a flight simulator, such as X-Plane to reproduce the 
flight dynamics; and the Flight Plan Manager, which manages contingencies, 
flight plan routes, flight plan monitoring, flight plan updates and traffic reactions. 
 
On the ground-side there is the Flight Monitor, which communicates with the 
VAS and serves as the command control of the flight; and the Flight Plan 
Monitor, that allows monitoring and modifying the flight plan. Both sides and 
each of the components are communicated using a Local Area Network (LAN). 
 
There is also an ATM component in the system. It is implemented using the 
EUROCONTROL ATM simulator Early Demonstration and Simulation Platform 
(eDEP). The communication between the UAS system and the ATM system is 









Local Area Network (LAN)























Figure 29 - ISIS structure 
 
6.2. Conflict detection & resolution simulations 
 
Once we have seen, even if in a light manner, a big picture of the whole system 
where the project will fit in, we can finally step into the simulation and validation 
(if possible) of the work done. First the initial setup will be explained, and then 
the simulation process. The final part will contain the results of the simulations, 
thus completing the final step before going into the conclusions. 
 
6.2.1.   Initial setup 
 
To start the pertinent services of ISIS that will allow for a realistic UAS flight 
simulation, there is a built-in console application called MAREA, which connects 
them locally (LAN), and enables to start or stop them as it is deemed 
necessary. Figure 30 shows how each service can be started.  
 




Figure 30 - MAREA start-up 
 
For our purposes we will need all UAS flight monitoring and flight plan 
management related services, as well as the conflict detection and the log 
generator. Still, to make the process easier, we will start all services since it 
won’t affect the final result. 
We will also need to start the flight simulator X-Plane, which has already been 
set up to communicate with the Virtual Autopilot System. From X-Plane we will 




Figure 31 - Location tab in X-Plane 
 
The ATM traffic, simulated by eDEP is not necessary to be loaded or started. A 
realistic Air Traffic model of a current day in FIR (Flight Information Region) 
Barcelona will be run automatically. 
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In order to have ISIS simulate properly, we need to load a flight plan into the 
Flight Plan Manager, even though we won’t have the UAS follow it, it is a 
current characteristic of the program. Once it has been loaded, we can set a 
position for the UAS using, and set a target speed, altitude and heading using 




Figure 32 - Flight Plan Manager main tab 
 
Figure 33 - VAS window with the DIRECTED state selected 




6.2.3.   Simulation process 
 
Using the already commented controlling tools, we can put the UAV in any 
position we want, thus generating any kind of conflict with the regular air traffic 
generated. There needs to be some considerations, though. First of all, 
backward and oblique conflicts have been implemented, so it would be 
pointless to create a forward conflict. There is a special tab in the (...) which 
allows to check all the important parameters of the conflict, as well as to choose 
the type of reaction (even though for now it’s just automatic). There it is possible 
to check the conflict angle b and determine what type of conflict it is. It is also 
important to check if the intruder velocity is within the range of velocities 
included in the conflict detector equations. The other important thing that needs 
to be taken into account is the time to conflict when the program detects it. 
Since we manually situate the UAV, in order to save time, it is very probable 
that the UAV has been situated closer than the maximum detection time, which 
is as we have explained before set at 5 minutes (300 seconds). To check the 
time to conflict, and re-situate the UAV (if necessary) to the furthest situation of 
conflict detection possible, it is necessary to have an indication of this 
magnitude. The MAREA console, when starting the conflict detection service, 
will automatically show the time to conflict in the console, updating it regularly 
and allowing putting the airplane in a correct position to evaluate the conflict 
resolution properly, which is having the 300 second margin. 
 
 
Figure 34 – X-Plane, FPMa and MAREA windows set up 
 
Once we have generated a conflict, and checked that everything is OK, we 
have to manually give the order to execute the manoeuvre in the conflict 
resolver tab. Then the objective is to follow the manoeuvre and assess if the 
conflict has been resolved successfully. To back this assessment with objective 
data, there is a service called data logger which stores the UAS and the air 
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Time to dmin vs. beta for UAV TAS = 230kt and intruder TAS = 450kt
traffic telemetry data. This allows after the simulation to calculate the horizontal 
distance between the UAV and any intruder of interest, and providing empirical 
data from the simulation which helps to validate the whole concept.    
 
6.2.4.   Simulation results 
 
The data logger service allows storing the telemetry from both UAV and 
intruders. The log fails contain many different types of data, including the 
attitude of the UAV, navigation data, fuel and electrical data, etc. For the 
purposes of this work, however, the relevant data will be the position and the 
roll angle.  This data obtained during the simulations had to be transformed 
using also MATLAB, in order to be able to generate the desired graphs. The 
main issue was to synchronize the UAV and intruder logs, since the UAV log 
updated much faster than the intruder log. Then there was also needed to 
transform pair of positions into a distance between those two points. The 




Conflict #1:                 ;                           
 
























The red line marks        and it is easy to see that the conflict avoidance is 
possible. Figure 36 shows the trajectory of the UAV and the intruder during the 
avoidance manoeuvre. The variable t represents the time elapsed since the 
manoeuvre was initiated. 
Figure 35 
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Figure 37 plots the evolution of the distance between both aircraft during the 
manoeuvre (blue) and the roll angle of the UAV (green). The dotted line 
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Time to dmin vs. beta for UAV TAS = 300kt and intruder TAS = 450kt






























Because of later important developments, three more conflicts will be presented 
in the same manner before commenting them. 
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These four conflicts shown are most relevant to the analysis of the results. The 
reason is that they prove that there was one mistaken assumption made when 
the system was implemented. During the pre-analysis it was decided that the 
value of , the bank (or roll) angle would be kept constant at the value      , 
with the assumption that this value would give a conservative margin on the 
safe side over the UAV manoeuvring, since the UAV would still achieve bank 
angles of up to      , as is clearly visible in figures 37,40, 43 and 46. 
 
However, analyzing those same figures and also figures 36, 39, 42 and 45  is 
possible to reach to the conclusion that the bank angle has an important effect 
on the outcome of the avoidance manoeuvre, either overachieving or 
underachieving the conflict avoidance, depending on the geometry of the 
conflict. For example, in conflict #1, with       : 
 
 
Figure 47 - Oblique conflict where the intruder comes from the front 
Figure 46 




With a roll angle      (the UAV follows a straight line), the time until the 
conflict is maximized, and with      , the time to the conflict is minimized, 
since the UAV turns as fast as mathematically possible towards the intruder. 
That means that higher bank angles will imply lower time until the conflict, and 
vice versa. The manoeuvre is calculated for a bank angle of      , but the 
UAV achieves higher bank angles, which was the initial intention of being 
conservative. In this particular case, that is exactly what happens: the UAV 
reaches the minimum distance sooner than it is calculated, thus overachieving 
the avoidance of the conflict. That can be confirmed in figure 37, where it is 
easy to see how the UAV starts to turn back to the initial path way after the 
minimum distance has been reached, whereas ideally the UAV should start 
turning as soon as this same minimum distance has been reached. As a 
consequence, the minimum distance between the UAV and the intruder is 
significantly higher than 5 NM, as it can also be seen in the same figure. 
 




Figure 48 - Oblique conflict where the intruder comes from the back 
 
In that configuration, where the avoidance manoeuvre consists in flying away 
from the intruder, the opposite happens. If the roll angle is     , the time until 
the conflict is minimized, and if      , is maximized, sins it turns as 
mathematically faster as possible away from the intruder. That means that 
higher bank angles will imply higher time until the conflict. The avoidance 
manoeuvre implemented is calculated for a bank angle of      , but the UAV 
achieves higher bank angles than that. In that case, the conservative intention 
of calculating for a lower and constant bank angle than the maximum achieved 
turns against the mission interests: the avoidance manoeuvre is calculated for a 
lower time until the minimum distance than the actual value achieved due to this 
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difference between the “modelled” bank angle and the actual bank angle 
values. In that situation, UAV will turn back to the mission path before the actual 
minimum distance has been reached, thus underachieving the conflict 
avoidance, as is possible to check in figure 40. 
 
That proves the assumption of a constant, conservative value of bank angle for 
the conflict resolver calculations wrong. That assumption is incorrect as a 
consequence of the different conflict geometries. To correct that issue, it will be 
necessary, in further work, to take into account the conflict geometry, that is, if 
the UAV turns towards or away from the intruder in order to keep the minimum 
distance. If that were taken into account, even though not optimal, it would still 
be possible to keep a constant, conservative value of bank angle for the 
calculations, even though there would be necessary at least two values of . 
These results also imply that for each geometry, exists an optimal average bank 
angle that would minimize the manoeuvring time of the UAV. 
 
These conclusions make unnecessary the analysis of the backward conflicts, 
























Note that even though in the plot there is an existent value of time to dmin, in the 
backward case that does not assure that the resolution of the conflict is 








58                     Design of simulation scenarios for the evaluation of separation strategies for UAS in ATM environment 
 
 























































































































59                     Design of simulation scenarios for the evaluation of separation strategies for UAS in ATM environment 
 
 
As expected after the re-analysis of the system, a lower angle b increases the 
effect of the difference between the modelled  and the actual average value of 
, in this case on the “negative” side, since the UAV has to turn away from the 
intruder. 
 
The forward case, even though not implemented for time reasons, would 
probably have been the opposite case of this one, having the “positive” effect of 
this particular situation, and taking into account that the forward case is 
generally easier to resolve than the backward case. 
 
Since the problem is due to an approach mistake, and no other problems are 
apparent it is probably safe to state that manoeuvre wise, the execution was 
sound, which indicates that conflict resolver was well implemented, but with an 
intrinsic conceptual flaw, as it has been explained and demonstrated. That 
leaves the project with the negative side of not obtaining the expected results, 
but with the positive side that the problem is already known and comprehended 
 
 
CHAPTER 7.  CONCLUSIONS & FUTURE WORK 
 
This work has achieved two purposes. The first one has been recall the current 
state of the issue at play at this work, as well as the technologies directly related 
to it, not in an extensive but in a synthesizing manner since it was not the goal 
of the project, but just for a situational and introductory function. 
 
The second purpose achieved, even if not as well as expected, has been to 
help conceptualize and implement the conflict detection & resolution system, as 
well as testing it and analyzing its results. The conceptualization problem, 
required taking some decisions that while not optimal, were necessary in order 
to make the project feasible in due time. Unfortunately, one of these decisions 
has been based on a mistaken assumption that conditioned the final result. 
There has been also an implementation part, in which the work for this project 
has been focused on the construction of the equations for the conflict resolver, 
as we have seen. Regarding that part, no problem has been detected, which 
allows making the assumption that the job was done correctly. 
The final part, which consisted on testing, data-gathering, and analysis, has 
allowed some atonement from the conceptualizing part, since it has been 
possible to detect the previous mistake, and has allowed a better understanding 
of the characteristics of horizontal separation conflict avoidance. This also 
serves to set up some possible future work, re-examining the work done with 
the newly acquired knowledge, and improving or re-making the concept and 
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